Abstract -In this paper, we develop a physics-based compact model for CIGS and CdTe heterojunction solar cells that attributes the failure of superposition to voltage-dependent carrier collection in the absorber layer, and interprets lightenhanced reverse breakdown as a consequence of tunnelingassisted Poole-Frenkel conduction. The temperature dependence of the model is validated against both simulation and experimental data for the entire range of bias conditions. The model can be used to characterize device parameters, optimize new designs, and most importantly, predict performance and reliability of solar panels including the effects of self-heating and reverse breakdown due to partial-shading degradation.
I. INTRODUCTION
It is well known that partial shading of thin film solar panels can subject the shaded cells into severe reverse breakdown, leading to localized self-heating, and in extreme cases, permanent damage [1] - [4] . In order to simulate these effects at the panel level, the cell-scale compact model must describe the temperature-dependent forward IV and reverse breakdown characteristics accurately.
Unlike crystalline Si solar cells, the 'superposition principle' (with voltage-independent photocurrent) does not hold for CIGS/CdTe solar cells [5] - [7] . As a result, the classical five parameter model [8] often fails to describe I-V-T characteristics of these heterojunction cells correctly, see Fig.  1 . Indeed, Ref. [9] demonstrated significant discrepancy between the model predication using the five-parameter model and the actual panel measurement. In part, the failure of superposition can be attributed to bias-dependent photocurrent. Such models have been developed for p-i-n a-Si solar cells [10] ; however, the presence of heterojunction and voltage-dependent depletion region (charge collection region) make it challenging to develop similar models for CIGS and CdTe cells [11] , [12] .
The compact model to be developed in this paper can model the bias-dependent photocurrent analytically, explicitly accounting for the non-uniform photogeneration, conduction band offset, and bias-dependent depletion. In addition, recent studies [13] , [14] have reported light-enhanced reverse breakdown in CIGS, namely, the breakdown voltage is reduced under illumination. In our model, the breakdown characteristics are interpreted by tunneling-assisted PooleFrenkel conduction, which can describe the illumination, thickness, and temperature dependencies observed experimentally. We emphasize that the 5-parameter model cannot describe any of these critical features of practical heterojunction cells. The compact model can be inserted into an electro-thermal coupled panel simulation network [15] - [17] to simulate the magnitude and spatial distribution of reverse breakdown and local heating as well as the panel efficiency degradation under different shading conditions. The five parameter model (shifted the dark measurement by a constant short circuit current) cannot describe typical CdTe data.
The paper is organized as follows. The compact model is validated in Sec. II against numerical simulation results as well as experimental measurements, as a function of voltage and temperature. In Sec. III, the compact model forms the basis of a panel simulator that can predict the electro-thermal response of a panel under a variety of operating conditions. For an illustrative example, the simulator is used to investigate partial shading of a panel. Sec. IV summarizes the conclusions of the paper. 
II. MODEL DEVELOPMENT AND VALIDATION

A. Forward bias I-V characteristics of a heterojunction cell
A typical CIGS (or CdTe) solar cell consists of an ultrathin (~50nm), but large bandgap buffer layer, stacked on top of a thick absorber layer (~2-3 µμm). The energy band diagram of a typical cell is shown in Fig. 2 .
To obtain the analytical formula of the forward IV characteristics, one must solve the position-resolved electron and hole continuity equations
with the correct boundary conditions labelled in Fig. 2 [18] . The missing bulk recombination term is effectively accounted in the back surface recombination velocity !,! as discussed below. Note that at the front contact, the valence band offset at the interface is presumed sufficiently large so that holes cannot exit through the wrong contact, i.e., the hole current to the left contact is zero. At the right edge of the depletion region, the hole concentration is defined by the acceptor doping density, ! . Similarly, electron transport is defined by two boundary conditions: At the left contact, electrons can be emitted thermionically into the buffer layer, with the emission velocity !,! = ! !! ! !!! ! /!" , where the thermal velocity is defined as !! = !!" !" [19] . A large conduction band offset ! prevents electrons from being fully collected in the front contact, which in turn distorts the IV characteristics resulting in S shape IV curve [20] , [21] . For the right boundary condition for the electrons, we note that the electron current can be defined as ! = !,! Δ , where Δ is the excess carrier concentration and !,! represents the effective surface recombination velocity, combining the diffusion velocity in the charge-neutral region and bulk recombination occurring in the depletion region. Any increase in Δ ! is reflected in Δ , that is, the failure to collect electrons at the left contact is reflected in enhanced recombination in the bulk region. The energy diagram of CIGS and CdTe solar cells. The I-V characteristics of the cell is dictated by the boundary conditions for electrons and holes.
Assuming that the optical generation profile decays exponentially into the absorber and that the electric field drops linearly within the depletion region (classical abrupt depletion approximation), one can solve Eqs. 1 and 2 to find the expression for voltage-dependent photocurrent, given by eq. A in Table I . The definition of each parameter is listed in Table  II . Eq. A will be derived in full in a future publication.
The dark current can be solved analytically as well. For simplicity, however, we assume that the dark current can be represented by a single diode model given by eq. B in Table I , characterized by the diode saturation current ! and ideality factor [22] . For now, we ignore the back contact Schottky barrier sometimes observed in CdTe [23] , since we have not observed any roll-over effects in the voltage range of interest. This is not a limitation of the model: the Schottky back contact can be accounted by a back-to-back diode circuit [24] .
The model validation proceeds in two steps: first, we calibrate the model parameters (see Table II ) of the compact model by fitting the room-temperature SCAPS simulation of the same cell [25] . Second, we use the temperature dependences of the built-in potential, etc., to extrapolate the room-temperature parameters to other temperatures of interest. Remarkably, the compact model reproduces the temperature dependencies of both the simulated and measured data. The benchmark results against the simulation and experimental data are shown in Fig. 3 to Fig. 5 . The proposed compact model benchmarked against the results from SCAPS simulation at 250 K, 300 K, and 350 K. The solid line is the SCAPES simulation, and the red triangle is the prediction from the compact model. The temperature increases from right to left. The baseline cell parameters are taken from [26] . 
B. Reverse breakdown
Partially shaded solar cells in a module can be stressed into reverse breakdown [1] - [4] , which results in significant selfheating. Consequently, it is important to include the temperature-dependent breakdown characteristics in the compact model. Interestingly, recent experiments [13] , [14] show that the breakdown voltage reduces from -6 V in dark to -2 V under light. Among the various mechanisms, we can exclude avalanche breakdown for the following reasons: Given the doping density of 10 !" to 10 !" cm -3 [27] , the avalanche breakdown voltage is expected to be from -10 V to -100 V, which is beyond the magnitudes of both the dark and illuminated breakdown voltages observed in the experimental data. Also, as shown in Fig. 7 , the dark and light breakdown voltages decrease with increasing temperature (i.e. are characterized by a negative temperature coefficient), inconsistent with avalanche breakdown [27] , [28] .
Similarly, the reverse breakdown cannot be explained by band-to-band tunneling. In general, band-to-band tunneling is indeed described by a negative temperature coefficient because the bandgap shrinks with increasing temperature. The short-circuit current in Fig. 4 and Fig. 5 , however, are independent of temperature, indicating that the bandgap of neither the buffer nor the absorber layer are temperature dependent. Hence, it is unlikely that the reported lightenhanced breakdown is due to band-to-band tunneling, either. Therefore, we propose to model the reverse breakdown using tunneling-assisted Poole-Frenkel conduction [29] , characterized by low breakdown voltage and negative temperature coefficient, see eq. C. As shown in Fig. 6 , the process of Poole-Frenkel conduction involves the following steps: (1) electrons tunnel toward a defect level elastically; (2) the high electric field lowers the barrier and the temperature assists electrons to emit into the conduction band; and finally, (3) electrons are collected by the contact. Benchmark results of temperature-dependent CIGS reverse breakdown IV (solid line) against the compact model (blue square). Data was measured at Uppsala University [13] , and temperature varies from 260 K to 340 K with a 20 K interval. After fitting the Pool-Frenkel model to the experimental data, we find that the model is capable of describing the breakdown characteristics as a function of temperature and voltage under different illumination conditions, see Fig. 7 . The Poole-Frenkel parameter ( !"!~! ! ! /!" ) depends on the defect level, ! . The extracted defect level under dark is ! ≡ ! − ! = 1.2 eV, whereas the dominant defect level under illumination is 0.36 eV. Hence, we presume that under dark, valence-band electrons from the absorber layer tunnel into a defect level in the buffer layer then emit into the conduction band and finally be collected by the electrode, see could be related to the light-induced metastabilities caused by the V Se -V Cu vacancy complex [30] in the absorber. A much shallower defect-level leads to a larger pre-factor !"!~! ! ! /!" , which explains the reduced breakdown voltage under illumination.
The hypothesis of Poole-Frenkel conduction to model lightenhanced breakdown must be validated by additional experiments. The transition of the breakdown characteristics under different illumination intensity is also not fully understood. To the our best knowledge, however, it is the first model that provides an intuitive and quantitative interpretation of the light-enhanced breakdown, and is adequate for the panel-level simulation to be discussed in Sec. III.
III. ELECTRO-THERMAL PANEL SIMULATION
Partial shading has been recognized as one of the reliability concerns for series-connected solar cell technology, especially in thin film photovoltaic technology (TFPV). Unlike for crystalline PV technology, monolithic intergradation for creating series connection in TFPV modules makes integration of bypass diode [31] and/or rewiring schemes [32] challenging. One of the consequences of partial shading is reverse stress, since the shaded cells are forced into reverse bias to maintain current continuity with the illuminated cells connected in series. As a result, instead of producing power for the output load, the stressed cells dissipate power to selfheating. For an experimental demonstration of significant selfheating under partial shading, see [2] .
To further investigate the degree and spatial distribution of the self-heating effects in a shaded module, we have developed a coupled electro-thermal SPICE model [15] - [17] to describe the operation of the panel, see Fig. 8 . The subcells in Fig. 8(b) are described by the CIGS compact model developed in Sec. II, and summarized in Fig. 8(c) . The subcells are both thermally and electrically connected to their neighbors, as in Fig. 8(b) . The detailed network setup for the panel simulation will be discussed in the future publication. Note that the simulation is electro-thermally self-consistent because the compact model can accurately describe the temperature dependencies of the forward and reverse IV characteristics. Table I and Table  II . A non-linear shunt resistor is also included accounting for the space-charge-limited current, see [33] . Fig. 9 shows the simulation response of a partially shaded module, biased at the maximum power point associated with the unshaded module. For this illustrative example, we assume that the left half of 5th cell (region 1) is fully shaded, as in Fig.  9(a) . Since region 1 can no longer produce photocurrent, the need for current continuity with fully illuminated cells in SCL shunt conduction (mS/cm 2 ) region 3 require that the shaded cells in regions 1 and 2 be forced into reverse breakdown, as shown in Fig. 9 (b) . Indeed, as shown in Fig. 9(c) , the current density is extremely high near the edge between the shaded and unshaded areas. The reverse voltage at the boundary is high (around -3 V) resulting in large breakdown current at the illuminated side due to lightenhanced breakdown. The reverse voltage decreases toward right in region 2, therefore, the breakdown current reduces away from the interface between regions 1 and 2 as well. Due to light-enhanced breakdown, the current in the unshaded area (region 2) is much higher than that of the shaded area (region 1); so is the generated heat. Counterintuitively, the temperature rise is more pronounced in the unshaded half of the shaded cell, even though the shaded side operates at higher reverse voltage. The spatial redistribution of the temperature due to partial shading in Fig. 9 (d) is also in agreement with 
IV. CONCLUSION
In this paper, we have developed a new physics-based compact model for CIGS and CdTe solar cells and validated the model by comparing against SCAPES-based numerical simulation and experimental data from test samples. In the model, an analytical formulation of the voltage-dependent carrier collection in forward bias explains the failure of superposition, while tunneling-assisted Poole-Frenkel model interprets light-enhanced reverse breakdown. Once calibrated against the experimental data, the model parameters interpret the salient features of the cell. We developed a self-consistent electro-thermal SPICE-based modeling framework for the panel, using the compact model to describe individual subcells. The model is versatile and can be used to study a broad range of phenomena. As an illustrative example, we study the reliability concern due to partial shading and associated redistribution of temperature close to and away from the shaded regions. 
